We report a first-principles study of defect thermodynamics and transport in spinel-type lithium manganese oxide LiMn 2 O 4 , an important lithium-ion battery electrode material, using densityfunctional theory and the Heyd-Scuseria-Ernzerhof screened hybrid functional. We find that intrinsic point defects in LiMn 2 O 4 have low formation energies and hence can occur with high concentrations. The electronic conduction proceeds via hopping of small polarons and the ionic conduction occurs via lithium vacancy and/or interstitialcy migration mechanisms. The total conductivity is dominated by the electronic contribution. LiMn 2 O 4 is found to be prone to lithium over-stoichiometry, i.e., lithium excess at the manganese sites, and Mn 3+ /Mn 4+ disorder. Other defects such as manganese antisites and vacancies and lithium interstitials may also occur in LiMn 2 O 4 samples. In light of our results, we discuss possible implications of the defects on the electrochemical properties and provide explanations for the experimental observations and guidelines for defect-controlled synthesis and defect characterization.
I. INTRODUCTION
Spinel-type LiMn 2 O 4 , a mixed-valent compound containing both Mn 3+ and Mn 4+ ions, has been considered as an alternative to layered LiCoO 2 for lithium-ion battery electrodes as manganese is inexpensive and environmentally benign compared to cobalt in the layered oxide.
1,2 The material crystallizes in the cubic crystal structure of space group F d3m at room temperature but transforms into an orthorhombic or tetragonal structure at lower temperatures. In the cubic phase, the Li + ions stay at the tetrahedral 8a sites of the cubic close-packed oxygen array, whereas the Mn 3+ and Mn
4+
ions randomly occupy the octahedral 16d sites. In the orthorhombic or tetragonal phase, the Mn 3+ /Mn 4+ arrangement is believed to be charge-ordered. [3] [4] [5] [6] [7] [8] [9] However, truly stoichiometric LiMn 2 O 4 is hard to obtain in experiments and intrinsic electronic and ionic defects appear to occur at multiple lattice sites. [9] [10] [11] [12] [13] [14] [15] In fact, LiMn 2 O 4 samples are often made lithium over-stoichiometric (i.e., Li-excess), intentionally or unintentionally. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] The total bulk conductivity of LiMn 2 O 4 has also been reported and thought to be predominantly from hopping of polarons. [22] [23] [24] A deeper understanding of these properties and observations clearly requires a detailed understanding of the defect thermodynamics and transport. Such an understanding is currently lacking.
Computational studies of LiMn 2 O 4 have focused mainly on the bulk properties and lithium and small polaron migration, [25] [26] [27] [28] [29] [30] except for some studies of defect energetics by Ammundsen et al. 30 using interatomic potential simulations and Koyama et al. 31 using densityfunctional theory (DFT) within the local density approximation (LDA). 32 First-principles calculations based on DFT have been proven to be a powerful tool for addressing electronic and atomistic processes in solids. A comprehensive and systematic DFT study of intrinsic point defects in a battery electrode material, for example, can provide a detailed picture of the defect formation and migration and invaluable insights into the electrochemical performance. 33, 34 For LiMn 2 O 4 , such a study is quite challenging, partly because standard DFT calculations using LDA or the generalized-gradient approximation (GGA) 35 fail to produce the correct physics of even the host compound. LDA/GGA calculations carried out by Mishra and Ceder, 36 e.g., showed that LiMn 2 O 4 is a metal with a Mn oxidation state of +3.5, which is in contrast to what is known about LiMn 2 O 4 as a material with a finite band gap and mixed Mn 3+ and Mn 4+ ions. The GGA+U method, 37, 38 an extension of GGA, can give a reasonable electronic structure. However, since one often has to assume that the transition metal has the same Hubbard U value in different chemical environments, the transferability of GGA+U results across the compounds is low, making defect calculations become inaccurate.
In this article, we present for the first time a comprehensive study of electronic and ionic defects in LiMn 2 O 4 using a hybrid Hartree-Fock/DFT method. In particular, we used the Heyd-Scuseria-Ernzerhof (HSE06) 39, 40 screened hybrid functional where all orbitals are treated on the same footing. The atomic and electronic structure and phase stability of the host compound and the structure and energetics of all possible intrinsic point defects were investigated; the migration of selected defects was also explored. We find that defects in LiMn 2 O 4 have low calculated formation energies and hence can occur with high concentrations, and lithium antisites are the dominant ionic defect. On the basis of our results, we discuss the Mn 3+ /Mn 4+ disorder, electronic and ionic conduction, delithiation and lithiation mechanisms, lithium over-stoichiometry, and possible implications on the electrochemical properties. Ultimately, our work provides explanations for the experimental observations, guidelines for defect characterization and defect-controlled synthesis, and insights for rational design of LiMn 2 O 4 -based electrode materials with improved electrochemical performance.
II. METHODOLOGY A. Computational details
Our calculations were based on DFT, using the HSE06 hybrid functional, 39,40 the projector augmented wave method, 41, 42 and a plane-wave basis set, as implemented in the Vienna Ab Initio Simulation Package (VASP).
43-45
Point defects were treated within the supercell approach, in which a defect is included in a finite volume of the host material and this structure is periodically repeated. For bulk and defect calculations, we mainly used supercells of LiMn 2 O 4 containing 56 atoms/cell; integrations over the Brillouin zone were carried out using a 2×2×2 Monkhorst-Pack k-point mesh.
46 A denser, Γ-centered 4×4×4 k-point mesh was used in calculations to produce the electronic density of states. The plane-wave basisset cutoff was set to 500 eV. Convergence with respect to self-consistent iterations was assumed when the total energy difference between cycles was less than 10 −4 eV and the residual forces were less than 0.01 eV/Å. In the defect calculations, which were performed with spin polarization and the ferromagnetic spin configuration, the lattice parameters were fixed to the calculated bulk values but all the internal coordinates were fully relaxed.
B. Defect formation energies
The key quantities that determine the properties of a defect are the migration barrier and formation energy. In our calculations, the former is calculated by using climbing-image nudged elastic-band (NEB) method; 47 the latter is computed using the total energies from DFT calculations. Following the approach described in Ref. 34 and references therein, the formation energy of a defect X in charge state q is defined as
where E tot (X q ) and E tot (bulk) are, respectively, the total energies of a supercell containing the defect X and of a supercell of the perfect bulk material; µ i is the atomic chemical potential of species i (and is referenced to bulk metals or O 2 molecules at 0 K), and n i indicates the number of atoms of species i that have been added (n i >0) or removed (n i <0) to form the defect. µ e is the electronic chemical potential, referenced to the valence-band maximum in the bulk (E v ). ∆ q is the correction term to align the electrostatic potentials of the bulk and defect supercells and to account for finite-cell-size effects on the total energies of charged defects. 48 To correct for the finite-size effects, we adopted the approach of Freysoldt et al., 49, 50 in which ∆ q was determined using a calculated static dielectric constant of 11.02 for LiMn 2 O 4 . The dielectric constant was computed following the procedure described in Ref. 34 according to which the electronic contribution (4.78) was obtained in HSE06 calculations whereas the ionic contribution (6.24) was obtained in GGA+U with U =4.84 eV for Mn, taken as an average value of Mn 3+ (4.64 eV) and Mn 4+ (5.04 eV).
51
In eqn (1), the atomic chemical potentials µ i can be employed to describe experimental conditions and are subject to various thermodynamic constraints. 34, 48 The stability of LiMn 2 O 4 , for example, requires
where ∆H f is the formation enthalpy. There are other constraints imposed by competing Li−Mn−O phases. By taking into account all these thermodynamic constraints, one can determine the range of Li, Mn, and O chemical potential values in which the host compound LiMn 2 O 4 is thermodynamically stable. The oxygen chemical potential, µ O , can also be related to the temperatures and pressures through standard thermodynamic expressions for O 2 gas. 33 Finally, the electronic chemical potential µ e , i.e., the Fermi level, is not a free parameter but subject to the charge neutrality condition that involves all possible intrinsic defects and any impurities in the material.
34,48
The concentration of a defect at temperature T is related to its formation energy through the expression
where N sites is the number of high-symmetry sites in the lattice per unit volume on which the defect can be incorporated, N config is the number of equivalent configurations (per site), and k B is the Boltzmann constant. Strictly speaking, this expression is only valid in thermodynamic equilibrium. Materials synthesis, on the other hand, may not be an equilibrium process. However, even in that case the use of the equilibrium expression can still be justified if the synthesis conditions are close enough to equilibrium. Besides, as discussed in Ref. 48 , the use of eqn (3) does not require that all aspects of the process have to be in equilibrium. What is important is that the relevant defects are mobile enough to allow for equilibration at the temperatures of interest. It emerges from eqn (3) that defects with low formation energies will easily form and occur in high concentrations.
III. RESULTS

A. Bulk properties
We began with a cubic supercell of LiMn 2 O 4 (space group F d3m, experimental lattice parameter a = 8.24 A), 52 consisting of 8 Li atoms at the 8a sites, 16 Mn atoms at the 16d sites, and 32 O atoms at the 32e sites; the interstitial 16c sites are left empty. After structural optimization, this cubic cell transforms into a tetragonally distorted cell with a = c = 8.34Å and b = 8.11Å; see Fig. 1 [3] [4] [5] [6] [7] [8] [9] We use this structural model for further studies of the bulk properties and for defect calculations (see below). Since the above mentioned global and local distortions are relatively small, the atomic positions in this model will be nominally referred to using the Wyckoff positions of the cubic structure. Figure 2 shows the total electronic density of states of LiMn 2 O 4 . An analysis of the wavefunctions shows that the valence-band maximum (VBM) predominantly consists of the 3d states from the Mn 3+ sites, whereas the conduction-band minimum (CBM) We find that the calculated formation energy of the polarons is as low as 0.32 eV (η + ) or 0.47 eV (η − ), in which η + is always energetically more favorable. It should be noted that these are additionally formed polarons, i.e., they are considered as "defects" as compared to the perfect bulk material. The self-trapping energies of η + and η − are 0.82 and 1.02 eV, respectively, defined as the difference between the formation energy of the free hole or electron and that of the hole or electron polaron. 34 With these high self-trapping energies, the polarons are very stable in LiMn 2 O 4 . This is not surprising, given the consideration that half of the Mn sites in the host compound can be regarded as being stable as hole polarons ( . After relaxations, the distance between the vacancy and the center of the dumbbell is about 4.0Å (The pair is unstable toward recombination at shorter distances). This pair has a formation energy of 1.85 eV and a binding energy of 0.30 eV. It should be noted that the formation energies of these three defect complexes are independent of the chemical potentials. Figure 6 shows the migration barriers (E m ) for the hole and electron polarons and lithium vacancies and interstitials in LiMn 2 O 4 . All the migration barrier calculations were carried out with the Γ point only. The migration of a polaron between two positions q 1 and q 2 can be described by the transfer of the lattice distortion over a one-dimensional Born-Oppenheimer surface. 60 We estimate the energy barrier by computing the energies of a set of cell configurations linearly interpolated between q 1 and q 2 and identify the energy maximum. The migration barrier of η + and η − is found to be 0.46 eV. For comparison, Ouyang et al. 27 reported a migration barrier of 0.35 eV for polarons in LiMn 2 O 4 , obtained in GGA+U calculations with U = 4.5 eV.
D. Defect migration
For lithium vacancies V − Li , we find two distinct migration paths with barriers of 0.19 eV (path V 1 ) and 0.47 eV (path V 2 ), calculated using the NEB method. 47 Both paths involve moving a Li + ion from an 8a site to the vacancy (an empty 8a site) through an interstitial 16c site. Here, moving a Li + ion in one direction is equivalent to V − Li migrating in the opposite direction. The migration bottleneck is a Mn ring at the 16c site, consisting of six Mn ions in the plane perpendicular to the migration path. 4+ -rich for the whole diffusion length, and the overall migration barrier will therefore be determined by the higher-barrier segment. As a result, the hole and electron polarons and lithium vacancies and interstitials, except the lithium at the octahedral 16d site, all have an esti-mated migration barrier of about 0.5 eV.
Finally, we investigated the migration of the Li + ion that is associated with the lithium antisite Li 0 Mn , cf. Fig. 5 . The energy barrier for Li + migration from the octahedral 16d site to one of the six neighboring Li tetrahedral 8a sites through a vacancy mechanism is found to be 0.6−2.0 eV. With this higher migration barrier, the ion is trapped at the 16d site and expected not be deintercalated during charging.
IV. DISCUSSION
We list in Table I is at 0.98−1.11 eV, which is always away from both the VBM and CBM. Most of the defects have a calculated formation energy of 1.0 eV or lower, at least under certain conditions. They can therefore occur in the material with high concentrations, e.g., during synthesis. These defects, except the mobile ones such as the polarons and lithium vacancies, are expected to get trapped when the material is cooled to room temperature. We also find that the formation energy of the polaron pair η + −η − is low, only 0.37 eV, indicating that LiMn 2 O 4 is prone to Mn 3+ /Mn 4+ disorder. Mn Li −Li Mn also has a low formation energy, which suggests the presence of cation mixing (see further discussions in Sections 4.3 and 4.4).
A. Electronic and ionic conduction
Strictly speaking, each ionic defect in LiMn 2 O 4 has only one stable charge state, which is also called the elementary defect; oxygen vacancies do not even have any configuration that is stable as a single point defect, as mentioned earlier. Removing (adding) electrons from (to) these elementary defects always results in defect complexes consisting of the elementary defects and small hole (electron) polarons. Besides, several positively and negatively charged defects have positive formation energies only near midgap, cf. Fig. 4 , making them perfect charge-compensators. Any attempt to deliberately shift the Fermi level of the system from µ int e to the VBM or CBM will result in the charged defects having negative formation energies, i.e., the intrinsic defects will form 
33,34
Clearly, intrinsic point defects in LiMn 2 O 4 cannot act as sources of band-like electrons and holes, and the material cannot be made n-type or p-type. The electronic conduction therefore proceeds via hopping of small hole and electron polarons. Regarding the ionic conduction, lithium ions are the current-carrying species, which migrate via vacancy and/or interstitialcy mechanisms. The activation energies for electronic and ionic conduction can be estimated from the formation energies and migration barriers of the current-carrying defects, E a = E f + E m . As discussed earlier, except for paths V 1 and I 1 which are unlikely to be realized in Mn 3+ /Mn 4+ -disordered LiMn 2 O 4 , the barriers for the polarons and lithium ions are basically similar, ∼0.5 eV. Therefore, the relative contribution of a defect or migration mechanism to the total conductivity is determined exclusively by the defect's concentration. If the defect is predominantly athermal, as it is the case for hole and electron polarons in LiMn 2 O 4 and lithium vacancies in Li-deficient or partially delithiated Li 1−x Mn 2 O 4 , the activation energy includes only the migration part, i.e., E a = E m . 34 The electronic activation energy is thus ∼0.5 eV, i.e., the barrier for polarons. In partially delithiated Li 1−x Mn 2 O 4 , the ionic activation energy is also ∼0.5 eV, i.e., the barrier for lithium vacancies. In stoichiometric LiMn 2 O 4 , however, lithium vacancies and/or interstitials have to be thermally activated; the ionic activation energy includes both the migration (∼0.5 eV) and formation (cf. Table I) parts, which is estimated to be as low as ∼1.1 eV (1.3 eV) for the lithium vacancy (interstitialcy) mechanism. Clearly, the total conductivity is dominated by the electronic contribution.
Experimentally 63 reported activation energies of 0.52 eV and 1.11 eV for lithium diffusion in LiMn 2 O 4 below and above 600
• C, extracted from tracer diffusion coefficients measured by neutron radiography. The lower-temperature values are very close to our estimated migration barrier. The value 1.11 eV at high temperatures could indicate that the system is in the intrinsic region where the activation energy includes both the formation and migration parts.
B. Delithiation and lithiation
The structure of the lithium vacancy V ions for the oxidation reactions. As a result, there will be residual lithium in the fully delithiated compound, both at the 16d and 8a sites, i.e., Li
The theoretical capacity will therefore decrease from 148 mAh/g to 148(1 − 3α) mAh/g. ions. Besides, we speculate that manganese antisites may also act as nucleation sites for the formation of impurity phases during electrochemical cycling.
Our results for Li
Next, with a formation energy of 0.76−1.23 eV, lithium interstitials can also occur in the material, e.g., when synthesized under conditions near point C in the chemicalpotential diagram, cf. Fig. 3 . Li 17 reported that, in their Li 1+α Mn 2−α O 4 (α = 0.14) samples, lithium ions occupy both the 8a sites with 100% occupancy and the 16c sites with 7.0% occupancy, and manganese ions occupy the 16d sites with 93.0% occupancy. In light of our results for the lithium interstitials, it would be interesting to re-examine the samples and see if some of the lithium is really stable at the 16c sites. The results of Berg et al. may also suggest the presence of Li i and V Mn in form of a neutral Li i −V Mn complex. However, we find that this complex has a high formation energy (1.93−2.20 eV), indicating that it is not likely to occur under equilibrium or near-equilibrium synthesis conditions.
Manganese vacancies can form when synthesized at lower temperatures, e.g., at point A in Fig. 3 where the formation energy of V 0 Mn is just 0.80 eV, cf. Table I . Gummow et al. 20 reported the presence of vacancies on both the 8a and 16d sites in Li 1−α Mn 2−2α O 4 (0 < α ≤0.11) synthesized at temperatures between 400 and 600
• C, although they also acknowledged that samples with a precise, predetermined composition were difficult to prepare. The cycling stability of this compound was found to be inferior to that of Li 1+α Mn 2−α O 4 .
20 Finally, with a much higher formation energy (1.49−2.03 eV), oxygen vacancies are expected not to occur inside the material. This is consistent with experiments where no oxygen vacancies have been found. 11, 14 We note that oxygen vacancies may still occur at the surface or interface where the lattice environment is less constrained than in the bulk. The formation of manganese vacancies, as well as lithium interstitials and manganese antisites, is also expected to be energetically more favorable at the surface or interface. Apparently, manganese antisites and vacancies and lithium interstitials can lead to inferior cycling stability and hence should be avoided. One can tune the synthesis conditions to reduce these defects in LiMn 2 O 4 samples. From our results summarized in Table I , the best compromise could be to synthesize the material under the conditions near point B in the chemical-potential diagram where there is a three-phase equilibrium between LiMn 2 O 4 , Li 2 MnO 3 and Li 5 Mn 7 O 16 , cf. Fig. 3 . The formation energy of the manganese antisites under these conditions is, however, still quite low (0.77 eV). Further reduction of the defects may thus require partially ion substitution that can significantly change the chemical environment and hence the defect landscape.
V. CONCLUSIONS
We have carried out a DFT study of the bulk properties and defect thermodynamics and transport in spineltype LiMn 2 O 4 , using the HSE06 screened hybrid density functional. We find that the tetragonal distortion of cubic LiMn 2 O 4 during structural optimizations at 0 K is associated with charge ordering. The compound is found to be thermodynamically stable and its stability region in the Li−Mn−O phase diagram is defined by the Mn 2 O 3 , Li 2 MnO 3 , and Li 5 Mn 7 O 16 phases.
Intrinsic electronic and ionic defects in LiMn 2 O 4 can form with high concentrations. Several charged defects have positive formation energies only in a region near midgap, making them perfect charge-compensators. The defects cannot act as sources of band-like carriers and the material cannot be doped n-or p-type. The electronic conduction proceeds via hopping of the small hole and electrons polarons and the ionic conduction occurs via lithium vacancy and/or interstitialcy migration mechanisms. The total bulk conductivity is found to be predominantly from the electronic contribution. An analysis of the structure of lithium vacancies and interstitials shows that lithium extraction (insertion) is associated with the oxidation (reduction) reaction at the Mn site.
Among the intrinsic ionic defects, lithium antisites are the dominant defect with a very low calculated formation energy. This low energy is ascribed to the small ionic radius difference between Li + and high-spin Mn 3+ . The formation energy of the hole-electron polaron pair is also very low. Our results thus indicate that LiMn 2 O 4 is prone to lithium over-stoichiometry and Mn 3+ /Mn 4+ disorder. In the lithium over-stoichiometric compound, there is residual lithium that is not deintercalated during charging and can help improve the cycling stability.
Other defects such as manganese antisites and vacancies and lithium interstitials can also occur, under certain experimental conditions, but with lower concentrations than the lithium antisites. An elimination of the manganese antisites may require significant changes to the chemical environment, e.g., through ion substitution.
